ABSTRACT Aim: This study assessed the validity and reliability of the Ekblom-Bak (EB) submaximal cycle test in adolescents and identified any sex-or maturity-related factors for prediction errors.
INTRODUCTION
Physical fitness is an important factor for health and wellbeing in boys and girls of all ages. Maximal aerobic capacity, expressed as maximal oxygen uptake (VO 2 max), is strongly correlated to health risks, such as cardiovascular diseases (1, 2) , metabolic syndrome markers (3), insulin sensitivity (4), mental health and depression (5, 6) . It is well known that exercise has positive outcomes for adolescents. Regular cardiovascular training increases both stroke volume and vital capacity in prepubertal adolescents (7) . From a general health perspective, it is important to be able to assess VO 2 max in a simple and precise manner, for example using submaximal exercise tests. The Ekblom-Bak test (EB test) is a submaximal cycle ergometer test that has been shown to be valid and reliable in adults (8, 9) . However, it has not yet been tested in adolescents.
There are a number of ways in which children and adolescents differ from adults with regard to their circulatory response to acute exercise. The heart muscles of prepubertal children are smaller than adults, and they have lower blood volume in relation to total body mass and a lower stroke volume at a given workload. With increased rate of work, the curve linear response in stroke volume displays more or less the same pattern in children and adolescents as it does in adults. It starts with a pronounced increase from rest to light or moderate intensity physical activity, followed by stabilisation with no further increase at higher intensities (10) (11) (12) . However, it has also been shown that this plateau in stroke volume appears somewhat earlier in adolescents than in adults, at approximately 35%-40% of VO 2 max in adolescents and 40%-60% of VO 2 max in adults (13) . Adolescents have a lower cardiac output at a given oxygen uptake (VO 2 ) and display a higher heart rate than adults, both for an absolute work rate and a given percentage of VO 2 max (10). These Abbreviations EB test, Ekblom-Bak test; SD, Standard deviation; SEE, Standard error of estimate; VO 2 , Oxygen uptake; VO 2 max, Maximal oxygen uptake.
Key notes
We assessed the validity and reliability of the EkblomBak (EB) submaximal cycle test in publically recruited healthy adolescents and identified any sex-or maturityrelated factors for prediction errors. The EB test proved to be a reasonable and valid method for estimating maximal oxygen uptake in the 50 boys and girls who were 10-15 years of age. Its validity for estimating aerobic capacity depended on pubertal development, especially in boys.
circulatory differences between adolescents and adults have to be taken into account when applying adult-specific submaximal tests and prediction models for estimating VO 2 max in adolescents. Furthermore, as boys mature, their shift in circulation is more pronounced than the parallel development in girls (14) . As a consequence, prepubertal and mid-pubertal boys may display more circulatory and morphological similarities with adult women than men. We hypothesised that these divergences in maturity-related changes will result in differences in the test validity between boys and girls.
Therefore, the aim of the present study was to assess criteria-related validity and reliability for the EB test in prepubertal and pubertal boys and girls. A secondary aim was to investigate whether any maturity-related factors, or other individual factors and factors within the equation, were related to prediction errors.
METHODS

Subjects
The public recruitment drive to identify subjects in Stockholm, Sweden, during spring 2016 included posters in schools and word of mouth. Participants were offered two cinema tickets if they took part in the study and were enrolled as long as they were healthy, with no known diseases. None of the subjects were taking any medication that could have influenced the maximal work capacity and, or, the submaximal heart rate. The inclusion criteria were prepubertal and pubertal adolescents aged age 10-15 years with a Tanner status of I-IV (15) , no serious illness and the physical capacity to perform maximal exercise tests. The complete study set-up consisted of a medical examination within the 2 weeks before or after the physical fitness tests. The participants also underwent a submaximal cycle test and maximal treadmill running test. All the tests and medical examinations were carried out at the Astrand laboratory at the Swedish School of Sports and Health Sciences in Stockholm, Sweden. In total, 64 adolescents visited the laboratory at least once. Of those, 20 adolescents -15 boys and five girls -agreed to pay a second visit within 2 weeks, and they formed the test-retest group. The retest session was conducted in the same way as the first physical tests. We excluded 14 of the 64 volunteers from the analyses: nine participants did not want to be assessed for maturity status, and three subjects did not meet the criteria for achieving a valid VO 2 max, as described below. Furthermore, one participant was excluded because they failed to keep the pedalling rate, namely the unit revolutions per minute, in the submaximal cycle test, and another one was excluded because they were in Tanner stage V. A total of 50 adolescents -27 boys and 23 girls -completed the full medical examination, including the sexual maturity Tanner scale ratings, and were included in the validation group. Two boys in the test-retest group were included even though they lacked maturity ratings, because the analysis of the test-retest reliability did not include any aspects of sexual maturity.
Before each test session, the participants were asked to refrain from vigorous physical activity for 24 hours and to not eat any heavy meals three hours before the tests. All subjects and their parents or guardians were fully informed about the details of the study and provided written, informed consent. The study was approved by the local research ethics committee in Stockholm, Sweden (ref. no. 2016/175-31/2).
Baseline measurements and sexual maturation Body mass to the nearest 0.1 kg and height to the nearest 0.1 cm were measured with the participant wearing light clothes. Sexual maturation was visually assessed by a female nurse or a male doctor, using the indices developed by Tanner (15) . The subjects were classified for pubic hair rating (boys and girls), genitalia (boys) and breasts (girls). As pubic hair rating was the only value that was assessed for both boys and girls, this value was used for the Tanner classification.
Test preparations
Before each test session at the laboratory, ambient conditions were measured with a portable humidity and temperature instrument, the HygroPalm 0 (Rotronic, Crawley, West Sussex, UK). The computerised metabolic system for measurements of ventilatory gas exchange, Oxycon Pro (Erich Jaeger GmbH, Hoechberg, Germany), was checked with automatic calibration before each test session. The inspiratory flowmeter was checked with the low and high airflow procedure. The gas analyser calibration was performed using a gas mixture of 15,000% oxygen and 5999% carbon dioxide (Air Liquide, Paris, France). The calibrations for flow volume and gas sensitivity were repeated until variations between two calibrations were less than 1%.
The Ekblom-Bak test
The full description of the EB test procedure has previously been published (8) . The EB test was performed on a cycle ergometer 828E (Monark Exercise AB, Vansbro, Sweden), which was manually calibrated before each test. The seat and handlebar were individually adjusted for each participant. Before the tests, all subjects were introduced to the Borg scale for ratings of perceived exertion (16) and practised the cycling for 1-3 minutes with a breaking force of 0.5 kilopond and a pedalling rate of 60 revolutions per minute to get used to the cycling procedure in the EB test. Thereafter, the EB test was performed with continuous breath-by-breath measurements of VO 2 with the Oxycon Pro, and heart rate was recorded in 5-second epochs with the RS400 heart rate monitor (Polar Electro Oy, Kempele, Finland).
The EB test consists of continuous cycling for eight minutes with a pedal frequency of 60 revolutions per minute. The workload for the first four minutes was set to 0.5 kilopond for all individuals, corresponding to a work rate of 30 Watts. This was followed by a higher work rate, which was individually determined for each subject, in order to elicit an intensity corresponding to 14-15 on the Borg scale (16) . The difference between work rates, or power output, was expressed as the delta output (Dpower output) and used in the prediction equation. The heart rate was recorded and averaged at 3.15, 3.30, 3.45 and 4.00 minutes at the standard and high work rate, respectively. Estimated VO 2 max was calculated with the revised, sex-specific prediction equations for the EB test. Details about the prediction equations have previously been published (9) .
Maximal running test
Before the maximal test, all subjects had a 5-10 minutes warm-up to get them familiarised with running on the treadmill. The warm-up started at 5.0 km/hour, with an increase in velocity to 7-9 km/hour after 1-2 minutes. After a short jog, the subjects practised grabbing the handlebars on the sides of the treadmill and exiting the belt securely, so that they felt comfortable with the stopping technique in the maximal tests. At the end of the warm-up session, the velocity was increased to 10.0-13.0 km/hour for 20-30 seconds, and, after a short recovery time, the subjects also ran approximately one minute with an elevation of 3-6°and repeated the stopping procedure. The incremental test started with the treadmill at a 1°incline and the same speed as the adolescent felt comfortable with during the warm-up, typically between 7-8.5 km/hour. The maximal test protocols were individually designed, and the speed and, or, incline increased every minute until volitional exhaustion. All the subjects were given extensive verbal encouragement to achieve their VO 2 max. Immediately after they finished the test, the subjects were asked to rate their perceived exertion for breathing, legs and whole body exhaustiveness on the Borg scale (16). The criteria for achieving VO 2 max were a maximal heart rate of more than 190, a respiratory exchange ratio of more than 0.95, a Borg scale rating of more than 17 in at least one variable, a running time that exceeds five minutes and obvious signs of exhaustive and maximal effort. The test was only accepted if all of the first four variables were fulfilled. VO 2 max was referred to as the highest 30 seconds. In adults, the criteria of levelling-off, a plateau of VO 2 versus work rate, are often used. However, these criteria have been questioned in children and adolescents (17) .
Statistics
The descriptive statistics of the subject characteristics in Table 1 are presented as median and 25th to 75th percentiles, due to the measurements of VO 2 max in L/min being skewed. The nonparametric Mann-Whitney U-test was used to detect differences between groups. The difference between the measured and estimated VO 2 max was found to be normally distributed and homoscedastic, and for this reason, it was evaluated as mean differences and limits of agreement and presented in Bland-Altman plot. Significant predictors for misclassification in the estimate of VO 2 max were identified using two separate multiple linear regressions with the backward method, using a probability of (F ≥ 0.10 for removal). The first analysis included the individual factors of age, sex, stature, heart rate, VO 2 and the respiratory exchange ratio at the standard work rate, maximal heart rate and Tanner stage. The other analyses included the variables in the EB test prediction equation, namely age, Dheart rate/Dpower output, Dpower output and heart rate at the standard work rate. The adjusted prediction coefficient (R 2 ) and standard errors of the estimate (SEE) were obtained by linear regression (enter mode), by entering measured VO 2 max as the dependent variable and estimated VO 2 max as the independent variable. Improvements in precision were tested with Levine's test. The Student's t-test was applied to analyse mean differences between test-retest values. The distributions of the values for oxygen pulse were skewed, and the differences between groups were evaluated with the nonparametric MannWhitney U-test. The sample size was determined based on a minimum correlation of 0.60, and this showed that we needed 20 boys and 20 girls. Due to the number of comparisons when identifying possible predictors for measurement errors, only p values at or below 0.001 were regression model was used to reveal potential predictors for the difference between estimated and measured VO 2 . The results showed that the maximal heart rate (p = 0.004), sex (p = 0.04) and Tanner status (p = 0.01) were significant predictors for the difference between measured and estimated VO 2 max. Further analysis of the mean differences between estimated and measured values showed that the greatest misclassifications were for boys in Tanner stages I and II, with mean differences of 0.49 (0.27) and 0.19 (0.42) L/min, respectively (Fig. 1) .
Under the assumption that prepubertal and mid-pubertal boys share more circulatory and morphological similarities with adult women than men, the data on the boys in Tanner stages I and II were re-calculated using the equation developed for women. (Fig. 2) .
Further explanatory variables for the misclassification of the boys in Tanner I and II can be found in the prediction equation itself. In a backward multiple regression analysis, Δheart rate/Δpower output was the only variable in the prediction equation related to the difference between estimated and measured VO 2 max, with Δpower output Figure 1 Mean differences between estimated and measured values of VO 2 max for the different Tanner stages (I-IV). Error bars denote 95% confidence interval. being a proxy for ΔVO 2 . The ratio heart rate/power output was related to the oxygen pulse. The oxygen pulses for standard work rate and maximal work, respectively, were relatively similar for boys and girls in Tanner I (medians 6.3 and 10.6 mL/beat versus 5.3 and 8.6 mL/beat, respectively) and Tanner II (medians 7.0 and 11.5 mL/beat versus 6.2 and 9.8 mL/beat, respectively). However, the boys in Tanner III-IV showed significantly higher values (8.1 and 16.2 mL/beat, respectively) compared to Tanner III-IV girls (6.6 and 10.5 mL/beat, respectively).
Reliability of the EB test in adolescents
Analysis of the test-retest reliability for the EB test showed a nonsignificant mean difference of À0.08 (0.28) L/min, limits of agreement of À0.63 to 0.47 L/min and a correlation coefficient of 0.87 (adjusted R 2 0.74) between the two test occasions. The SEE was 0.28 L/min. The coefficient of variation for the test-retest was low, at 3.1%. In comparison, the coefficient of variation for the measured VO 2 max was 2.7% in the 14 participants who performed the repeated maximal tests.
DISCUSSION
The EB test was a valid and reliable test in our study cohort, which indicates that VO 2 max can be accurately estimated in adolescence with this submaximal cycle ergometer test. The present study found that the VO 2 max of prepubertal and pubertal boys and girls aged 10-15 years was estimated within AE0.68 L/min, compared to AE0.65 L/min for men and AE0.53 L/min for women in a mixed adult population in another study (9) . The validity in adolescents seemed to depend on maturity and sex, and the boys in Tanner stages I and II were the most overestimated. The variable Δheart rate/Δpower output, an analogue to oxygen pulse, was a highly contributing factor to the prediction error. However, the relatively low number of observations in some of the Tanner stages hindered detailed analyses and conclusions.
Previous studies have shown that submaximal cycle ergometer tests for adults can be used for children and adolescents, but this is preferably performed after some adjustments or modifications (18) . For example, the Astrand test has been shown to underestimate VO 2 max in 10-to 12-year-old boys by 12% underestimation, with a correlation coefficient of r = 0.60 (p < 0.05) when expressed in L/min, and r = 0.55 (p < 0.05) when expressed in mL/kg/min. In that study, the test falsely indicated an enhanced VO 2 max after a training period, although no actual change in VO 2 max took place (19) . Other studies have developed child-specific regression models for estimating VO 2 max from the Astrand test. Woynarowska et al. found a correlation of r = 0.82 in girls, but only 0.52 in boys (20) . Binyildiz et al. used multiple regression analysis to predict VO 2 max in 11-to 13-year-old boys, resulting in a significant correlation of r = 0.70 between the steady-state heart rate at the submaximal work rate and measured VO 2 max. When the authors included height and age in the analysis, r was improved to 0.80., and the standard error of the predicted VO 2 max calculated from the presented formula was AE18% of the mean (21) . In a comparative study, Ekblom evaluated the Astrand-Ryhming nomogram and the two above-mentioned regression models in 62 boys and girls who were aged 11-12 years (18). VO 2 max was measured during a treadmill running test and estimated via the three methods mentioned above. Low mean misclassification was found for the Woynarowska regression model and Astrand-Ryhming nomogram with the age correction factor for 12-year-olds, at 14 mL/min and 23 mL/min, respectively. The tests had moderately to high correlation (r = 0.81 and 0.73, respectively) to measured VO 2 max and a high SEE of 398 and 340 mL/ min, respectively. The Binyildiz method demonstrated a large mean underestimation, but a high correlation with measured VO 2 max (r = 0.87) and relatively low SEE (298 mL/min). Furthermore, all the methods underestimated VO 2 max in well-trained subjects (18) . In the present study, no such general underestimation was seen for well-trained adolescents. The physical working capacity test is another commonly used cycle test. The different versions of the test have been shown to predict VO 2 max with varying accuracy, with correlation coefficients from 0.46 to 0.81 (22) (23) (24) .
There were a number of reasons for the prediction errors in the adolescent in our study cohort. The largest mean misclassification was seen when prepubertal boys were estimated with the prediction equation for men. Previous research has shown that boys and girls display more circulatory and physiological similarities before puberty and that boys and men demonstrate greater maturity-related differences than girls and women. This led to our assumption that we would achieve more accurate estimated values for boys in Tanner stages I and II if we used the prediction equation for women, and this was confirmed by the sensitivity analysis. The grouping of boys in Tanner I and II resulted in the most precise values, compared to when only boys in Tanner I were calculated as women and when all subjects were calculated as women (data not shown).
Furthermore, the regression analysis revealed that the variable Δheart rate/Δpower output in the prediction equation was a significant predictor for the misclassification, mostly in boys. The ratio heart rate/power output is related to oxygen pulse. It was not possible to conduct direct measurements of stroke volume and arteriovenous oxygen difference in the present study. Instead, the oxygen pulse served as a surrogate measure (12, 25) . The error explained by the variable Δheart rate/Δpower output in the prediction equation, when applied in adolescents, is probably due to the divergent heart rate response to increase workload in prepubertal adolescents compared to adults. Because of the fact that the prediction equations are sexspecific -and developed for mature women and men -the differences in Δheart rate/Δpower output response between the sexes are being corrected for in the model. The variable is À0.90742*Dheart rate/Dpower output in the male model and À0.62578*Dheart rate/Dpower output in the female model. This meant that the prepubertal boys, who have more morphological and circulatory similarities with women than men, were the most misclassified group when we applied the adult models for the adolescents.
When we analysed the data for the boys and girls separately, the pattern of maturity-related changes was greater in boys than in girls. From the prepubertal Tanner I and II stages to the mid-and late-pubertal Tanner III and IV stages, boys showed larger circulatory changes than girls. The maturity induced changes in oxygen pulse or respiratory exchange ratio at maximal workload or heart rate at the standard work rate were not as great in the girls as in the boys (data not shown).
The test-retest data revealed that no familiarisation test seemed to be needed, as no significant differences between the repeated EB tests were found (10) . This was in line with previous observations in adults (8) . When comparing the reliability of the cycle test -with a coefficient of variation of 3.1% in the present study -to measured VO 2 max, it is important to keep in mind that there is also a small variability in directly measured VO 2 max. In the present study, 14 subjects performed a test-retest for measured VO 2 max, and the coefficient of variation was 2.7%. Others have reported a variability of 3%-6% for maximal tests in adolescents (26, 27) . When adults performed a graded exercise test using the same procedures as the subjects in the present study, the coefficient of variation was 2.7% (8) . We tested reliability in the form of stability. Another important issue is the ability to detect changes in VO 2 max, another aspect of reliability, which was not tested in the present study.
Strengths and limitations
To our knowledge, this was the first study where the validity and reliability for a submaximal cycle test in adolescents were examined together with the influence of biological and sexual maturation. This study focused on maturity-related changes in morphology and circulatory regulation to explain the validity of the EB test. A parallel process during childhood and adolescent growth is the increase in body size. Our only measure of growth was stature, which is a very crude measure. However, stature was not a significant predictor for the measurement error (data not shown), indicating that maturity and not growth seemed to be important for validity. Likewise, age had no significant influence on the misclassification of the estimated VO 2 max. This might be explained by the fact that age was already a variable in the prediction equation itself, but it is even more likely that the correlation between chronological age and sexual maturation was very weak. Age cannot be a substitute for the Tanner stage assessment in settings where a proper maturity examination is impossible to perform.
The ability to use the test with the adult female prediction equation for Tanner I and II boys may be relevant in the clinical setting, when a proper maturity rating is simple to perform using the Tanner scale. In the present study, the Tanner assessment was a sufficient substitute for direct and invasive measurements of, for example, hormonal levels. However, in most practical settings, it may be challenging to assess sexual maturity in the same manner as it was carried out in the present study. To categorise adolescents by maturity, without using the Tanner scale, is a drawback that is particularly pronounced for boys. A possible solution is self-assessment via the Tanner scale, but the reliability of that procedure in this context may be an area for future research. Also, the median aerobic capacity of the participants in the present study was higher than in an average paediatric population. Thus, the validity and reliability were not tested in those with poor fitness, which may hinder the ability to generalise the results to untrained or overweight adolescents. Another aspect with regard to the generalisability of data is that the validity was tested in Caucasian adolescents, which may limit the applicability to subjects of other ethnicities.
The sample size was a priori based on a minimum correlation of 0.60 between the estimated and measured VO 2 max, and the correlations were found to be higher. Also, when we compared the deviations in Figure 2A and B, the number of observations provided sufficient power. However, when we compared the sexes across the Tanner stages, the number of observations was low, and the results should be interpreted with caution due to the risk of a type II error.
Another issue that needs to be addressed with regard to the applicability of our findings in clinical versus practical settings is the commonly existing limitations in the standard equipment that is used for cycle tests. Standard cycle ergometers are designed for adults, and the Monark 828E ergometer used in this study was only suitable for subjects who were at least 130 cm high. Furthermore, the EB test duration of eight minutes is manageable for most adolescents, while other tests with prolonged duration must be modified to take into consideration the shorter attention span and motivational level of adolescents in general (28) . Also, the crucial aspect of keeping the pedalling rate throughout the whole test can be a problem for younger participants. Based on the findings in the present study, the EB test is a clinically applicable test, to the same extent as submaximal testing in adults.
Estimating aerobic fitness from submaximal data is an attempt to identify the true VO 2 max in an individual, namely the maximal oxygen uptake during maximal whole body work. However, recording oxygen consumption during an incremental treadmill test until voluntary exhaustion is no guarantee that the actual VO 2 max has been obtained, especially not in children and adolescents (17) . A more suitable nomenclature may be VO 2 peak, namely the highest recorded oxygen uptake reached during maximal voluntary effort engaging a large proportion of skeletal muscles. This discrepancy may explain a fraction of the differences between the measured and estimated values. We do, however, believe that this fraction was of limited importance because of the use of a whole body type of exercise, the design of the test protocols and the high maximal values obtained, for heart rate, respiratory exchange ratio and VO 2 .
CONCLUSION
The EB test proved to be a reliable and valid test for estimating VO 2 max in prepubertal and pubertal adolescents. This study supports the use of submaximal testing in adolescents outside the laboratory environment, which may be beneficial for sports, health and clinical settings. It also demonstrated that it was possible to improve the validity for prepubertal boys using the equation developed for adult women.
